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Abstract 
Gas-phase oxygen-rich iron oxide clusters Fe(O2)n
+ (n=1-6), are produced in a molecular beam 
apparatus.  Their stability and structure are investigated by measuring the fragmentation cross sections 
from collision-induced-dissociation experiments. For this purpose, two different techniques have been 
employed. The first one relies on the measurement of the fragments resulting after collisional 
activation and subsequent dissociation of mass selected cluster ions in a molecular beam passing 
through a cell filled with noble gas atoms. The second one is a new approach that we introduce and is 
based on crossed molecular beams to measure the fragmentation cross sections, in a more efficient 
manner without mass selection of the individual clusters. The cross sections obtained with the different 
techniques are compared with each other as well as with theoretical ones resulting from the application 
of a simple geometrical projection model. Finally, the general trends observed are compared with 
results for other Fe-molecule clusters available in the literature. 
 
Keywords: iron oxide, fragmentation, cross section, TOF 
*Corresponding author: vele@iesl.forth.gr  
e-mails: mihesan@iesl.forth.gr, mjadraque@iqfr.csic.es
2 
 
1. Introduction 
The importance of iron oxide FexOx clusters in various scientific and technological fields such 
as heterogeneous catalysis, surface chemistry, solid state physics, corrosion, biochemical oxygen 
transport, oxide film formation, magnetic nanomaterials etc. has triggered a wide range of 
experimental
1,2,3,4,5,6,7,8,9,10,11,12,13,14
 and theoretical
4,13,15,16,17,18,19,20,21 
 studies regarding their formation, 
stability, structure or chemical and physical activity performed in different laboratories. 
 
For the experimental studies the preferred method for producing iron oxide clusters is the laser 
ablation of an iron target in the presence of O2 seeded in a carrier gas, followed by a supersonic 
expansion that cools the formed clusters 
1-12
. The mixing of the laser ablated species with the O2 in a 
closed space (cluster growth channel) forms, through multiple collisions, large FexOy clusters with a 
broad range of stoichiometries that differ from the known bulk iron oxides (FeO, Fe2O3, Fe3O4), 
corresponding to the common oxidation states of Fe. These FexOy clusters are usually described as 
oxygen-poor (x>y) or oxygen-rich (y>x) iron oxides and the number of oxygen atoms in FexOy clusters 
is influenced by the content of O2 in the carrier gas: a higher O2 concentration leads to the formation of 
higher oxidized species.  For instance, slightly O-rich clusters (FexOx , FexOx+1, and FexOx+2) have 
been obtained by Bernstein et al.
10,11
 and their formation is favored by a higher O2 concentration. The 
same trend was observed for anionic clusters: the number of oxygen atoms in FexOy
-
 can be slightly 
varied by increasing the oxygen content of the carrier gas.
2
 
 In order to gain more information about the stability and the structure of the clusters one 
typical method is to supply them with an excess of energy leading to their fragmentation and then to 
identify/analyze the fragmentation products. Usually, the energy deposition in the cluster occurs either 
by photon absorption in photofragmentation experiments or by collisional activation with a gas in 
collision-induced dissociation (CID) experiments. The decomposition of FexOy
+
 clusters (1x17, 
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y=x±1, 2, 3) after photoexcitation with laser light has been reported by Duncan et al.5 Their results 
show the loss of excess oxygen, followed by a sequential elimination of FeO units. The fragmentation 
pathways of small FexOy
+ 
(x = 1–4, y  6) clusters, obtained by chemical ionization of Fe(CO)5/O2 
mixtures, were studied by Schröder et al.13 It was found that the loss of molecular oxygen upon 
collisional activation becomes important as the formal oxidation state (determined by the O/Fe ratio) 
of Fe is increasing. Reilly et al.
4
 have investigated the fragmentation channels of collisionally activated 
FexOy
+
 clusters with Xe atoms in a guided ion beam spectrometer. They showed that the O-rich series 
FeOy
+
 (y=1-10) lost successive O2 units uncovering a FeO
+
 core. CID experiments on iron oxide 
clusters FexOy
+
 (x=1–3, y=1–6) with Xe were reported by Armentrout et al.8 and correlations of the 
fragmentation patterns with the structure of the clusters have been made. For example, FeO4
+
 was 
found to easily dissociate to FeO2
+
 indicating the presence of a loosely bound O2 molecule.  
In a recent experimental and theoretical study
22
 on iron oxide clusters, we reported on the 
formation of the oxygen-rich mono-iron FeOy
+
 clusters with y=1- 16, in a pure O2 gas expansion over 
the plasma arising from the ablation of a Fe-target. Based on mass spectra and ab initio calculations, 
we showed that the clusters with an even number of oxygen atoms Fe(O2)n
+
 (n=1-6)  show increased 
stability and that Fe(O2)5
+
 has prominent structural, thermodynamic and magnetic properties. These 
findings were further supported by preliminary results from collision-induced dissociation 
experiments.  
In this work, we present a more thorough study of the stability and structure of FeOy
+
 clusters. 
Specifically, we applied the method of collision-induced dissociation to measure fragmentation cross 
sections employing two different approaches. The first one is the standard CID technique, where mass 
selected clusters collide with noble gas atoms in a collision chamber. The initially selected ion and all 
its possible fragments are separated and recorded with a reflectron time of flight mass spectrometer. 
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This CID of mass selected clusters is a well established technique (see Ref.s 23,24,25,26) and it was 
applied to gas-phase titanium oxide cluster in our laboratory.
27,28,29
  In this study we introduce an 
alternative, faster and more efficient technique for measuring the CID processes in cluster atom 
collisions. Using crossed molecular beams with Ne as the collision partner, the fragmentation cross 
section and consequently the cluster stability are measured for the first time with this new technique. 
The technique is based on the rejection of all low kinetic energy fragments produced for each cluster 
after collisions with a noble gas atom.  
 
2. Experimental apparatus and methods 
2.1 Setup 
The cluster source and the basic experimental setup (see Fig. 1a) have been described in detail 
elsewhere.
30 ,31 ,32  
Here only the general features and some new modifications will be presented.  
The iron-oxygen molecular aggregates are formed by mixing the laser-vaporized metal with a 
supersonic expansion of O2 in vacuum. A Nd:YAG laser beam ( wavelength 1064 nm, pulse width10 
ns, repetition rate 10Hz) is focused onto a rotating pure Fe target and the ablation plasma plume is 
crossed perpendicularly a few millimeters above the target surface with the pulsed O2 molecular jet 
produced by a homemade nozzle  (diameter 0.5 mm, backing pressure 4 bar). Association reactions in 
the mixing region lead to the formation of oxygen-containing molecular aggregates.  
 
 
5 
 
MCPRetarding
Grids
Secondary Beam 
Nozzle
b)
Collision Region
Rotating Target
Primary Beam 
Nozzle
ReflectronMCPMass Gate
Ion-Lens
Collision Chamber
Acceleration Grids
Ablation Laser
Beam
a)
 
 
 
FIG. 1. Schematic diagram of the experimental arrangement indicating the two different configurations 
used to measure fragmentation cross sections by: a) “conventional” CID method with mass selection 
and reflectron detector and b) crossed molecular beams arrangement with a retarding potential 
analyzer. 
   
 
Species already present or newly formed in the expansion are cooled and form a molecular 
beam that enters through a 4 mm diameter skimmer in the acceleration area of a time of flight (TOF) 
mass spectrometer. The positively charged species in the clusters beam are accelerated by a fast- 
switched potential pulse (Vacc=1500 Volt) at a laboratory kinetic energy ELAB = q.e.Vacc  eV (e is the 
electron charge and q the charge state of a given ion) into the free flight zone of the time of flight mass 
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spectrometer. The ions are detected with a multichannel plate (MCP) detector either after reflection 
from a reflectron assembly (Fig. 1a) or directly in a linear arrangement (Fig. 1b). The MCP signal is 
recorded by a 150MHz oscilloscope (LeCroy 9410) and the time of flight spectra are transferred 
through a GPIB interface to a PC. Software developed in our laboratory is used for data acquisition 
and processing.  
 
2.2 Fragmentation processes 
For studies on the stability and structure of the clusters we use the method of collisional 
activation of cluster ions with noble gas neutral atoms. In two-body formalism the main channels for 
the outcome of a cluster ion (AB
+
) collision with a neutral atom (X) are: 
 
AB
+
 + X    AB+(*) + X(*)     (1) elastic and/or inelastic scattering 
       A+ + B + X or A + B+ + X  (2) fragmentation 
       AB + X+    (3) charge transfer 
      ABz+ + X + ze-    (4) multiionization  (charge stripping) 
      (ABz+)*     A+ + B+(z-1)   (4a) Coulomb explosion 
 
The first reaction (1) indicates elastic or inelastic scattering (the asterisk denotes excited 
species), while the other reactions (2-4a) imply the formation of charged and neutral species 
possessing either masses lower than those of the initial ion or charge state z >1. 
Neglecting the energy released from the dissociation (a few eV’s), in cases, where a parent cluster with 
mass mP dissociates to a fragment with mass mF, the laboratory kinetic energy EF of a fragment is 
lower than that of the parent ELAB:   
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 EF = (ELAB /z)· mF /mP        (6). 
This fact allows the separation of the parents and fragments by using devices sensitive to the energy of 
the incident ions. Such devices are the reflectron and the retarding potential analyzer used in this work 
in order to measure the fragmentation cross sections of the clusters by CID experiments, by two 
different experimental arrangements: beam-gas cell (Fig. 1a) and crossed molecular beams  (Fig. 1b). 
2.2.1 Beam-gas cell configuration 
In the first case (see Fig. 1a), we apply the widely used procedure concerning fragmentation via 
collisions of several cluster systems.
23,24,25,26
 We employed this method in small TixOy
+
 clusters and the 
experimental details and results are described in a previous paper.
29 
 Briefly, mass selected cluster ions 
pass through a collision chamber filled with Kr gas at a pressure of 6x10
-4
 mbar.  Following 
dissociation, fragments with lower kinetic energy than the parent are recorded as different peaks in the 
reflectron TOF spectrum before the parent ion peak. 
Under single collision conditions, the fragmentation cross section Q is determined from the parent 
intensity IP, corresponding to parent peak in the TOF spectrum and the intensity IF of all the fragment 
peaks using the relation: 










 FP
P
II
I
NL
Q ln
1
     (7), 
where N is the number density of the target Kr-gas and L is the length of the collision cell. These 
parameters (N and L) cannot be accurately measured
33
 in the present experimental arrangement but are 
common for all the clusters investigated and therefore are not necessary for the comparison of different 
clusters measured under the same conditions. 
8 
 
This well established CID method - called here “conventional” - is relatively simple but is time-
consuming when measuring a series of clusters, due to the necessity of mass selection. It requires long 
term stability of the cluster beam and also special care has to be paid to avoid signal losses because of 
the different focusing conditions for each particular cluster, different fragments’ flight paths through 
the reflectron, etc. 
 
2.2.2 Crossed molecular beams 
In this case the collision chamber (Fig. 1a) is removed and the cluster beam crosses perpendicularly 
a secondary molecular beam in the field-free zone of the mass spectrometer. The experimental 
arrangement is shown in Fig. 1b. The secondary beam contains Ne that expands from a nozzle similar 
to the primary beam nozzle (0.2 mm diameter, 3.5 bar backing pressure) and is placed in a separated 
chamber pumped with a 360 l/sec turbo pump, keeping the background pressure at 10-4 mbar during 
the operation. The secondary beam chamber is connected to the main TOF-tube with a 1 mm skimmer 
so that the two molecular beams cross perpendicularly in the scattering chamber that is pumped with 
two turbo pumps of 1000 l/sec and 150 l/sec in parallel and this allows for a background pressure of 
10-6 mbar under operating conditions. The volume of the interaction region of the two beams is 
~111 mm3.  The ion detector consists of a MCP with additionally a set of two grids in front of it. 
The first grid is grounded, while on the second one (closer to MCP) is applied a variable voltage Vgrid. 
This voltage rejects any ion with a kinetic energy lower than z·e·Vgrid thus forming, a retarding energy 
analyzer. This device has an energy resolution better than 8%, which is the measured FWHM of the 
kinetic energy distribution of the main cluster ions formed. 
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In this way, the contribution of the different reaction channels (1-4a) can be measured. Specifically, 
a grid potential slightly lower (a few tens of volts) than the acceleration potential (Vgrid ≲ Vacc), will 
exclude signals arising from all the ionic fragments. Furthermore, the signal for Vgrid significantly 
higher than the accelerating voltage (Vgrid ≫ Vacc), corresponds to the amount of all neutrals produced 
in reactions (2-4), because all charged species are rejected and only neutral species can reach the 
detector. The impact of neutral molecules, moving with high velocity, with the anode of a MCP 
produces secondary electrons and thus the neutrals can be detected with the MCP.
34
  
With these considerations, similar to light attenuation by an absorbing medium, the parent cluster’s 
abundance before and after the interaction with the secondary beam can be described by Beer’s law: 
I = Ι0exp(-QNL), where I is the (remaining) intensity of nonfragmented clusters, I0 is their initial 
intensity, N is the secondary beam gas density, and L is the effective interaction length (width of the 
secondary beam).  To account for fragmentation due to collisions of the clusters with background 
molecules and for possible metastable decay, the signals (integrated peak for each cluster in the TOF 
spectrum) with (ON) and without (OFF) the secondary beam have to be measured. Thus, I0 = IOFF(Vgrid 
≲ Vacc ) – IOFF (Vgrid ≫ Vacc )  and I = ION(Vgrid ≲ Vacc ) – ION (Vgrid ≫ Vacc ). The fragmentation cross 
section can then be evaluated from the relation: 
               (8). 
Hence, to determine the fragmentation cross section, TOF spectra have to be measured at two different 
retarding potential settings:  at Vgrid ≲ Vacc and  at Vgrid ≫ Vacc . Similar to Sec. 2.2.1, the parameters N 
and L cannot be measured but are considered the same for all the clusters due to an easily achieved 
good overlapping of the 600 μs secondary beam pulse with the <60 μs interval needed for the primary 
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beam to pass through the crossing region. Thus, it is straightforward to attain a very good temporal 
overlapping between the primary and secondary beam.  
The timing of the experiment in both configurations, namely the synchronization of primary 
nozzle, ablation laser, accelerating voltage pulse and secondary nozzle (in crossed beams arrangement) 
is controlled by a digital delay/pulse generator (Stanford Research Systems Inc.) and is optimized for 
maximum cluster yield and most efficient fragmentation.  
The initial parent’s intensity is measured from TOF spectra obtained without beam crossing. In 
order to measure the fragments’ intensity that is due exclusively to the two beam interaction, it is 
necessary to record TOF spectra with and without beam crossing, while keeping the same background 
pressure in order to account for possible metastable and/or background induced fragmentation. To 
obtain this, the triggering of the secondary beam nozzle is delayed by  1500 μs so that no beam 
overlapping occurs, while the background in the scattering chamber remains unaffected. A computer 
program controls the digital oscilloscope and starts data recording and acquisition for, typically 2 laser 
shots with beam overlapping and 2 laser shots without beam overlapping. This alternating technique is 
repeated 200 times and was chosen in order to minimize intensity variation during the data recording 
and processing. With this procedure the time needed to obtain the necessary data simultaneously for all 
clusters for a given cluster series is a few minutes in comparison to a few hours required for the 
convectional CID with mass selection. 
 
3. Results and Discussion 
As mentioned above, the procedure to obtain fragmentation cross sections by using the 
“conventional” CID in the beam-cell arrangement is straightforward and therefore, only the results for 
the case of mass-selected FeO10
+
 cluster are given here as a representative example. 
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Fig. 2.  Fragmentation TOF spectrum of the mass selected Fe(O2)5
+
  cluster after collision with Kr 
atoms at a laboratory collision energy of 1.5 keV. The spectrum is recorded with the reflectron 
configuration of Fig. 1a.  
 
In Fig. 2 is displayed the fragmentation spectrum of FeO10
+
 ion after collisions with Kr atoms 
at a center of mass collision energy ECM=420 eV. The fragments, separated by the reflectron, indicate 
the loss of one or more oxygen molecules. The loss of molecular oxygen is observed also in all the 
other clusters of the homologous Fe(O2)n
+
 (n=1-6)  series investigated here. This behavior is similar to 
the results reported by Reilly et al.
4
 for FeOy
+
 (y=1, 10) clusters and by Li et al.
8
 for FeO2
+
 and FeO4
+ 
where the loss of O2 is the predominant dissociation pathway. The fragmentation cross sections 
defined with Eq. (7) and obtained employing the procedure described in Sec. 2.2.1 will be presented 
later in this section. 
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The mass spectra of iron oxide clusters obtained in the crossed molecular beams arrangement 
are presented in Fig. 3. In this case, Ne gas was used as collision partner. To investigate the outcome 
of the collisional activation, the TOF-mass spectra are recorded with and without beam crossing for 
three different retarding voltage settings: Vgrid= 0 V (Fig. 3a), Vgrid= 1400 V ≲ Vacc=1500 V (Fig. 3b) 
and Vgrid= 2500 V >> Vacc. 
The mass spectra recorded in the absence of collisions and without retarding potential (Vgrid= 0 
V, solid curve in Fig. 3a), correspond to the species formed by mixing the laser-produced Fe-plasma 
plume with the O2 jet. By detecting directly the charged species, the intensity of the signal is an 
unambiguous indication for the formation efficiency and stability of the complexes, without the 
drawbacks specific to post-ionization (ionization potential variation, fragmentation etc.).The spectrum 
in Fig. 3a (solid line) is almost identical to the one published recently
22
 by our group, where a detailed 
presentation of iron oxide clusters distribution obtained from our source is given.  
The dominant species are the oxygen rich clusters containing one Fe atom with general formula 
FeOy
+
 (y14). The most intense peaks correspond to clusters with an even number of oxygen atoms, 
while ions with an odd number of oxygen atoms have low intensity, comparable or even smaller than 
FeOyH2O
+
 complexes formed with the water impurities in the O2 line.
22
 Another characteristic of the 
clusters produced is that the intense Fe(O2)n
+
 series ends-up at n=5,  followed by a sudden decrease in 
the intensity for larger clusters. These special features of the mass spectrum have been explained 
previously
22
 by theoretical calculations on the binding and thermodynamical properties of these 
clusters. 
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Figure 3.  Mass spectra of Fe(O2)n
+
 clusters (accelerated with a potential Vacc=1.5 kV) before (solid 
curves) and after (dotted curves) interaction with a secondary Ne-beam. Ions with kinetic energies 
lower than the acceleration one are rejected by a potential (Vgrid) applied to a grid placed before the 
detector. (a) Vgrid=0, (b) Vgrid ≲  Vacc, (c) Vgrid>>Vacc (see text for details).   
 
The collisional activation of the Fe(O2)n 
+
  clusters is now investigated. The dotted line in Fig. 
3a represents the mass spectrum obtained for Vgrid= 0 V and with Ne-secondary beam ON. Under these 
experimental conditions, the striking feature is an important increase of the signal intensity 
corresponding to all the clusters. This increase can be attributed to the emergence of new ions or 
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neutral molecules formed by processes triggered by the collisional activation of the precursor ion as is 
outlined in Eqs (2-4a). 
These additional particles produced are further analyzed in Fig. 3b and 3c where mass spectra 
are recorded after rejecting all ionic fragments (Vgrid ≲  Vacc,  Fig. 3b) and after all ions rejection 
(Vgrid>>Vacc , Fig. 3c) conditions.  In Fig. 3b, where  Vgrid ≲  Vacc,  the signal corresponding to 
Fe(O2)n
+
  clusters with secondary beam is lower than that without the secondary beam. This is due to 
the rejection of ionic fragments and/or multionized species (Eq.’s 2-4a). In Fig. 3c, where Vgrid>>Vacc 
only the neutral fragments are detected and constitute a significant contribution to the total signal. 
Small amounts of neutral particles are also produced by CID with the chamber background and/or by 
unimolecular (metastable) decay of hot clusters as the solid curve (without secondary beam) in Fig. 3c 
shows.  
Using all this information and the procedure described in Sec. 2.2.2, from the mass spectra of 
Fig.3b and Fig.3c we can determine with Eq. (8) the individual fragmentation cross sections of 
Fe(O2)n
+
  clusters in collisions with Ne atoms, without the need of mass selection. In Fig. 4 we plot 
(circles) the cross section as a function of the cluster size n for n=1, 6. Additionally, in Fig. 4 we 
display (squares) the fragmentation cross sections for the same cluster series obtained with the 
conventional CID method (Fig. 1) in a collision chamber filled with Krypton. The values originate 
from the evaluation described in sec. 2.2.1 [Eq. (7)] and from reflectron TOF spectra similar to the one 
displayed in Fig. 2. The indicative error bars shown in Fig. 4 represent the reproducibility of the data 
obtained at different runs, over several days. 
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Fig. 4. The fragmentation cross section of Fe(O2)n 
+
 clusters as a function of cluster size n. The 
results are obtained with the two different experimental techniques as described in the text. The 
theoretical calculations, based on the projection model from ab initio structures, are also displayed.  
 
For comparison reasons, we scale these two curves to each other with linear least square fitting.  
Despite the different collision partner, both curves show the same behavior, namely an increase of the 
cross section with increasing cluster size, and a local minimum at n=5. It is important to notice that, 
while in the conventional CID technique only ionic fragments are measured, in the new approach 
presented here with the retarding energy analyzer all possible products from Eqs (2)-(4a) are measured. 
Thus, cross sections obtained with the crossed beam technique presented here are comparable to or 
exceed those measured with the conventional CID technique.  
The very good agreement between the results obtained with the two different experimental 
approaches can be explained by the fact that, in all cases the center-of-mass collision energy 
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where mP and mX are the masses of the parent and neutral collision partner respectively,  is quite high 
for all the clusters ranging from 280 eV for FeO2
+
 to 110 eV for FeO12
+
. Under such highly energetic 
conditions (impulsive collisions), significant amount of kinetic energy is transferred to the internal 
energy of the cluster so that each collision leads to fragmentation. Therefore, the fragmentation cross 
section comes close to the integral collision cross section, which can be approximated with a hard 
sphere cross section and in this case quite simple theoretical approaches are possible.  One such 
approximation is the projection method
25 
that equates the integral collision cross section to the 
orientationally averaged cluster geometrical projection.  To this end, we modified  for the present case 
a computer program from Jarold’s group35 and calculated the averaged geometrical cross section Qtheo 
of a given cluster structure, by taking into account hard sphere radii of the involved atoms of the 
cluster and the collision gas. As ground state equilibrium structures for the Fe(O2))n
+
 clusters we 
consider those  previously calculated by ab initio methods.
22
 For the hard sphere radii of the atoms 
involved in the collision we used a simple coulombic interaction model that is represented by the so-
called universal repulsive potential
36,37
 given (in atomic units) by the expression:  
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.
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The first term of the potential is the coulombic repulsion of the two nuclei and the second one is a 
screening function of the form:
37
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We use this repulsive potential as the pair interaction between the target atom (Ne) and each 
atom (Fe and O) in the cluster. By taking into account the collision energy ECM for each particular 
cluster we calculate the distance of closest approach  RC as the root of the equation V(RC) =ECM.  For a 
given cluster structure taken from our previous theoretical calculations,
22
 each atom in the cluster is 
considered as a hard sphere with fixed radius RC, and the geometrical projection is calculated. 
The cross sections obtained are displayed (stars) also in Fig. 4. For the sake of comparison, the 
three data sets are normalized to each other, despite the fact that they correspond to different noble 
gases as collision partners. The theoretical results reproduce quite well the evolution of the measured 
cross section as a function of the cluster size for all measured clusters, except for Fe(O2)5 where a 
relative difference of 25% between calculation and experiment appears. This deviation can be due to 
the two successive approximations used in this approach. Either the first approximation, which equates 
the fragmentation cross section with the total collision cross section, is not entirely valid, or the second 
simple projection approximation applied for the calculation of cross sections fails in some cases to 
incorporate all the details from the cluster-atom encounter. Such effects can be the mutual shadowing 
or multiple collisions of the noble gas atom with different atoms of the cluster.
35,38
  To account for 
these mechanisms, more elaborate calculation methods, such as exact hard sphere scattering, classical 
trajectories or scattering on electronic density isosurfaces can be employed (see Ref. 39 and references 
therein). These calculations - necessary for reliable structure determinations- are extremely 
computationally intensive and require data for interactions potentials not available in the present case 
and this is beyond the scope of the present investigations. Nevertheless, in the framework of the simple 
approximations employed here, there is a good general agreement between experiment and theory, 
resulting from the use of cluster structures obtained previously.
22
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Armentrout and co-workers examined the CID of mass selected Fe(L)n
+
 clusters,  L= O2
8 
and 
N2
 40
 with Xe.  Besides thermochemical values for these systems, the collision energy dependence of 
the absolute fragmentation cross sections has been investigated. From their results, we took the sum of 
the partial fragmentation cross sections of all channels observed at the maximum kinetic energy (4 - 15 
eV) and we plot these values in Fig. 5. Additionally, we show our results from crossed beam 
experiments for Fe(O2)n
+
 in collision with Ne. We normalize our values to those for L=(O2)n (n=1,2) 
from Ref 8. 
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Fig. 5. The measured fragmentation cross section of the Fe(L)n
+
 clusters in collision with noble 
gases. Our data [Fe(O2)n
+
 -Ne] are normalized to the Fe(O2)n
+
 - Xe ones obtained in Ref. 8. 
 
The increase in the cross section of clusters containing up to 4 molecules and then the decrease 
at a lower value for n=5 is similar for O2 (our data) and N2
40
  ligands. The increase again at n=6 in our 
case for Fe(O2)n
+
 cannot be compared  to the other systems because of the lack of data. A lower value 
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of the fragmentation cross section for a given cluster can be attributed to the higher stability of this in 
comparison to the neighboring ones. 
Our experimental results are in good agreement with the results of Armentrout’s group and this 
suggests that the new CID technique introduced here is reliable for obtaining fragmentation cross 
sections. In our case, where the collision energy is significantly higher than the thermal energy, the 
fragmentation cross section can be considered as a good approximation of collision cross sections - 
assumption verified by the agreement between the measured values and the geometrical cross sections 
obtained by theoretical calculations. 
 
 
4. Summary and conclusion 
The stability and the structure of Fe(O2)n
+
 (n=1,6) clusters are investigated through CID 
experiments. The fragmentation cross sections after collision with noble gases are measured with two 
different techniques giving, practically the same results: an increase in the cross section as a function 
of the cluster size for n=1 to 6 with a local minimum at n=5.  The cluster with n=5 was proven to have 
a special stability also by its higher intensity in the mass spectra. Moreover, under certain 
approximations, the collision cross section variation is directly representative for the variation of 
geometrical cross section of the molecular ions. This has been supported by the correspondence of the 
experimentally measured cross section with the values obtained by geometrical projection of 
theoretical structures, obtained by ab initio calculations in the case of Fe(O2)n
+
 adducts. Finally, a new 
approach based on crossed molecular beams for CID studies, without the need of mass selection, has 
been presented and confirmed by comparison with an established CID method, with data available in 
the literature and with results obtained by theoretical calculations.  
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